Tuberculosis remains a global public health problem, and its immunopathogenesis is still poorly understood. In this study, 25 single nucleotide polymorphisms (SNPs) in the WNT pathway were evaluated in relation to tuberculosis risk in a Chinese Han discovery set, and 6 candidate susceptible SNPs were further validated in a Chinese Tibetan cohort. Luciferase reporter assay, RT-qPCR and Western blot were used to assess the functionality of the important WNT polymorphisms. Five polymorphisms were associated with tuberculosis susceptibility after Bonferroni correction: SFRP1 rs4736958, CTNNB1 rs9859392, rs9870255 and rs3864004 showed decreased tuberculosis risk; SFRP1 rs7832767 was related to an increased risk (OR = 1.81, 95% CI = 1.30-2.52, p = 0.010). Patients with TT genotype of rs4736958 and rs7832767 correlated with higher CRP concentrations (p = 0.003, <0.001, respectively). Functional assays revealed that mutant alleles of rs9859392 (G), rs9870255 (C) and rs3864004 (A) were associated with significantly decreased transcriptional activity, lower CTNNB1 mRNA expression and p-β-catenin level, which were consistent with their effects of decreasing TB risk. Our results provide evidences that WNT pathway polymorphisms influence tuberculosis susceptibility and host immune response to Mycobacterium tuberculosis, suggesting that these variations may serve as novel markers for identifying the risk of developing tuberculosis.
Tuberculosis (TB) remains a leading infectious cause of morbidity and mortality worldwide, with an estimated 9.6 million cases and 1.5 million deaths occurring in 2014
1 . More than one-third of the global population is infected with Mycobacterium tuberculosis (MTB), however, only 5-10% of infections will develop into clinical TB 2 , suggesting that genetic factors play an important role in the disease outcome after MTB infection. Previous studies have suggested that host genetic variations may contribute to the heterogeneity in disease susceptibility and clinical responses through modulating the immune reaction against MTB 3, 4 . Over the years, association studies have evaluated many candidate loci that may be associated with susceptibility to TB, including the genes encoding human leukocyte antigen 5 , cytokines and chemokines 6 , toll-like receptor and others 7 . However, most of the studies only investigated a few polymorphisms and were unable to draw definitive conclusions. Thus, more systematic and comprehensive studies are needed to fully clarify the genetic components affecting TB progression. Recently, pathway-based association studies based on the biological functions of related signaling pathway networks were found to be a powerful approach to identify causal genes underlying complex diseases 8 . The WNT signaling pathway is known as a key transduction cascade governing ontogeny and homeostatic processes 9 , as well as modulating host immune responses against microbial pathogens 10 . It is activated when Wnt proteins bind to Frizzled receptors and co-receptors through a series of cascade reactions, which causes β -catenin co-activating transcription factors to regulate the downstream gene transcription. Antagonists, including the secreted frizzled-related protein (SFRP) family, Wnt inhibitory protein one (WIF1) and Dickkopf (DKK), inhibit WNT pathway signaling by binding to Wnt or Wnt receptors and negatively regulating target gene expression 9 . Recent evidence has indicated that the WNT pathway has an etiological role in TB disease [11] [12] [13] [14] [15] . Wu et al.
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Of the 23 SNPs successfully genotyped, six were found to be significantly associated with TB (Tables 2 and 3 ).
In the CTNNB1 gene, rs9859392, rs9870255 and rs3864004 were significantly different between patients and controls. Subjects with mutant alleles (G, C and A) and dominant model of the three SNPs were associated with decreased TB susceptibility, and the OR ranged from 0.69 to 0.78 (p < 0.05). Of the four SNPs in SFRP1, two were found to be significant. A reduced risk of TB was related with the mutant C allele, the additive and dominant pattern of rs4736958 with an estimated OR of 0.78, 0.78 and 0.73 (p = 0.033, 0.040 and 0.017, after Bonferroni correction). The minor T allele, additive and recessive model of rs7832767 were more frequent in the patients than in the controls (1.30-, 1.29-and 1.81-fold, respectively). A potential beneficial effect was also identified for the additive and dominant model of rs752107 in WNT3A [OR add = 0.85 (0.73-0.99), p add = 0.040; OR dom = 0.82 (0.68-0.98), p dom = 0.033], however, the potential association disappeared after Bonferroni correction in rs752107. No significant differences among the frequencies of the other 18 SNPs were obtained between the patients and the controls. We further examined whether the six candidate SNPs were preferentially associated with specific tubercular subtypes, as described by Fernando et al. 21 . The results are summarized in Table S6 . Rs4736958 seemed to have a stronger magnitude of decreased risk with PTB as compared to all forms of TB, and rs9859392, rs9870255 and rs3864004 showed slightly lower OR values with PTB&EPTB as compared to all forms of TB. Rs7832767 was SNPs were bolded and underlined if they showed a significance of p < 0.05; "1" designates the mutant allele and "2" designates the wild allele; 11 = mutant homozygote, 12 = heterozygote, 22 = wild homozygote; OR = odds ratio, followed by 95% CI in parentheses. P*: p value after adjusting for age, gender and BMI; P**: p value after Bonferroni correction.
most powerfully associated with a higher risk of PTB&EPTB (OR = 2.19, 95% CI = 1.47-3.26, p = 0.001, after Bonferroni correction) in the recessive model.
Linkage analysis and haplotype construction.
Linkage disequilibrium (LD) was estimated by calculating the pairwise r 2 coefficient 22 . Figure 1 displays the LD plot of SNPs on the same chromosome. With a pairwise r 2 > 0.8, three polymorphisms of CTNNB1 (rs9859392/rs9870255/rs3864004) and three of WNT5A (rs566926/ rs504849/rs2076831) on chromosome 3, as well as two SNPs in WNT1 (rs4760663/rs4760662) and two in WIF1 (rs34203757/rs34505206) on chromosome 12, were in strong linkage disequilibrium with one another, respectively. We constructed the haplotype by using the SNPs which were in strong LD state from Fig. 1 . As seen in Table 4 , the [GCA] haplotype frequency of CTNNB1 was significantly lower in the patients than in the controls for rs9859392/rs9870255/rs3864004 (OR = 0.65, 95% CI = 0.60-0.83, p = 0.016, after Bonferroni correction). The distribution of haplotype frequencies of WNT5A, WNT1 and WIF1 did not differ significantly between the patients and the controls.
Gene-gene interaction evaluation. The one-dimensional interactions (including multiplicative and additive interactions) between the six significant SNPs were tested, but they did not yield additional positive information (p all > 0.05). High-dimensional interactions among all SNPs were also performed, but no significant interactions were found from the one to four-way models (p all > 0.05). Together, gene-gene interactions failed to reveal potential synergistic or antagonistic effects among the polymorphisms in different genes. Details are shown in Tables S7-S9 .
Correlation between genotypes and clinical phenotypes. We investigated whether the six candidate susceptibility SNPs affected patients' clinical manifestations. Common indices of disease severity for TB consisted of symptom intensity (fever, hemoptysis), cavities in the chest radiograph, smear acid-fast and culture of MTB, hemoglobin concentration, lymphocyte count, erythrocyte sedimentation rate, and C-reactive protein (CRP) level, which was regarded as a regular inflammatory marker for host defense and innate immunity 23 . Due to the low frequencies of some minor genotypes, six SNPs were stratified based on the dominant or recessive model. Subgroup analysis attested that rs4736958 and rs7832767 were closely associated with plasma levels of CRP (p = 0.003, < 0.001), and patients carrying the TT genotype corresponded to higher levels of CRP (Fig. 2 ). Beyond that, no nominally significant relation between other clinical indices and genotypes were obtained (p all > 0.05, data not shown, available on request).
Candidate SNPs validation in Chinese Tibetan group. Next, we genotyped 6 SNPs (rs4736958, rs7832767, rs9859392, rs9870255, rs3864004 and rs752107) in an independent Chinese Tibetan cohort (480 TB cases and 450 healthy controls). After multiple testing adjustment, only CTNNB1 SNPs (rs9859392, rs9870255 and rs3864004) were significant referring to frequency distribution, the additive and dominant model (Table 5) , which further demonstrated that carriers with mutant genotypes of these SNPs were less susceptible to TB disease.
Functional exploration of CTNNB1 polymorphisms. Investigation for the effect of polymorphisms on mRNA expression. We further explored the effect of six TB-associated SNPs on gene expression. The mRNA levels of candidate susceptibility genes (CTNNB1, SFRP1 and WNT3A) from a subset of 50 patients and 29 controls were compared, not only between the cases and the controls but also in different genotypes. The mRNA expressions of all three genes were significantly higher in the patients than in the controls [CTNNB1: 40.16 (20.13- The dominant pattern of three significant SNPs in CTNNB1 (rs3864004, rs9859392 and rs9870255) was associated with obviously decreased CTNNB1 mRNA levels both in all 79 subjects and in 50 TB patients (p all = 0.004, p TB = 0.034), however, no association was found in healthy controls (p HC = 0.080). Figure 3(A,B) show the example of the comparison of CTNNB1 mRNA expression based on the dominant genotype model of rs9859392 in these three groups. In addition, similarly significant effects were not observed in the three significant SNPs in SFRP1 and WNT3A (p all > 0.05, data not shown, available on request).
Influence of polymorphisms on transcriptional activity of CTNNB1 gene. To assess the effects of SNPs rs3864004, rs9859392 and rs9870255 on CTNNB1 gene transcription, we analyzed the transcriptional activity of its promoter and compared the activities of mutant and wild allele using luciferase report assay. As shown in Fig. 3(C) , the pGL3-mutant homozygote reporters have significantly decreased luciferase activity as compared to pGL3-wild homozygote (9.22-folds for rs3864004, p < 0.001; 1.60-folds for rs9859392 and rs9870255, p = 0.007, 0.025, respectively). This finding indicates that these three SNPs are functional, and the substitution of the mutant allele for the wild allele can suppress CTNNB1 promoter transcriptional activity.
Effect of CTNNB1 polymorphisms on its protein expression.
To verify whether the three SNPs could influence the endogenetic expression of CTNNB1 gene, we examined the protein products (β -catenin and p-β -catenin) in peripheral blood mononuclear cells (PBMC) of 16 TB patients and healthy controls. As shown in Fig. 4 , compared with healthy controls, tuberculosis patients had significantly increased β -catenin and p-β -catenin protein expression (darker bands). In order to adjust the discordance of cell quantities among samples, relative gray intensity analysis of β -catenin and p-β -catenin protein bands was normalized by its β -actin expression and was further calculated using Image J software (NIH, MD, USA). Levels of p-β -catenin protein were significantly decreased in 
Discussion
The present study identified five SNPs within the WNT pathway (SFRP1 rs4736958 and rs7832767; CTNNB1 rs9859392, rs9870255 and rs3864004) that were associated with TB susceptibility. Further explorations preliminarily unveiled a relationship between two SFRP1 SNPs and serum CRP levels and a modulatory effect of three CTNNB1 polymorphisms on its mRNA and protein expression. To our knowledge, this is the first study to comprehensively interrogate the relationship between WNT pathway-based SNPs and TB risk, providing insight into the detailed mechanism for the pathogenesis of TB and a clue for clinical biomarker screening.
The CTNNB1 gene encodes the β -catenin protein, dually functioning in the coordination of cell adhesion and gene transcription. Compelling studies have indicated that aberrant β -catenin participates in an abnormal immune response to pathogens 10 and disease course, including tuberculosis 13 . Recently, researchers have linked CTNNB1 mutations to the susceptibility and prognosis of various cancers 24 . However, the impact of the CTNNB1 variations on TB has not yet been corroborated. In four CTNNB1 SNPs, we identified mutant alleles of rs9859392 (G), rs9870255 (C) and rs3864004 (A) that might be protective factors for TB according to our discovery and , composed of these minor alleles, thus supporting the reliability of single locus results and providing evidence of a synergistic beneficial effect of these SNPs on TB infection. Higher CTNNB1 expressions were observed in TB patients, pointing to a critical role of CTNNB1 in host immune response to MTB. Subsequent functional investigations found that mutant alleles at these SNPs significantly decreased CTNNB1 promoter transcriptional activity and correlated with lower CTNNB1 mRNA and phosphorylated β -catenin protein expression levels, identical to their effects of decreasing TB risk. Similar correlations were also reported by Sungmin Bae et al. 25 , who demonstrated that β -catenin haplotypes formed by these polymorphisms affected mRNA expression and were associated with asthma risk. Taken together, these observations supported the idea that these SNPs resulted in different recruits of transcription factors to CTNNB1 gene promoter region, which modulated CTNNB1 mRNA and protein expression and leaded to abnormal activation of the WNT pathway, participating in the pathogenesis of disease. Further functional experiments are warranted to confirm and elaborate these findings.
SFRP1 belongs to a well-established antagonist of the WNT pathway, and molecular abnormalities in its expression have been amply demonstrated to be involved in the development of carcinoma 26 . As a novel factor modulating inflammation 27 , SFRP1 may play an important role in the pathogenesis of TB. We explored five SFRP1 polymorphisms and found two (rs4736958 and rs7832767) that were significantly association with TB risk in Chinese Han population, but not in Tibetan group. This suggests that ethnic heterogeneity of these polymorphisms might exist among different populations, which is worthy of further investigation in other populations. Notably, we found that the risk genotype TT in these two SNPs was related to higher CRP levels, indicating Haplotype frequency < 0.01 in both cases and controls has been dropped; significant associations were denoted in bold. Wild haplotype was set as the reference, and the OR of other haplotypes were calculated. that patients carrying the risk genotype TT may have a higher inflammatory state. When the two SNPs were analyzed for a possible association with gene expression, no significant differences were found, suggesting that these polymorphisms may not influence SFRP1 mRNA expression. Rs7832767 is located in the intron region, and rs4736958 lies in the 3′ untranslated region of SFRP1, neither of which directly code for the Sfrp1 protein, even though there seem to be some indirect links. As a tagSNP, rs7832767 may be in linkage disequilibrium with a functional mutation that controls the expression or function of SFRP1. According to the bioinformatics tool SNPinfo (NIH, SNPinfo Web Server. Available at: http://snpinfo.niehs.nih.gov/), rs4736958 is located in the seed binding site of miR-9 and SFRP1. The high-affinity miR-9-binding motif is predicted to be abrogated by an rs4736958 C-to-T transition, ultimately altering the regulation of miR-9 to inflammatory responses against invasive pathogens, as evidenced by Thulin et al. 28 . Although we do not currently know if these speculations conform to concrete mechanisms, ongoing studies will address these questions.
In this research, we found that rs752107 was associated with a reduced risk for TB in allele distribution, the additive and dominant model. This association did not remain after Bonferroni correction or in the validation cohort, therefore, we determined that rs752107 was not TB risk-related locus, even though other independent studies are needed. With regard to the rest of the SNPs and genes analyzed, no substantial associations with TB Table 5 . Association of six candidate SNPs with TB risk in Chinese Tibetan validation cohort. Numbers were bolded if they showed a significance of p < 0.05; 11 = mutant homozygous, 12 = heterozygote, 22 = wild homozygous; OR = odds ratio, followed by 95% CI in parentheses. P* * : p value after Bonferroni correction.
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risk were obtained, suggesting that these polymorphisms may not predispose one to the disease. However, we cannot completely exclude their possible role as putative TB-risk genes on account of the imperceptible scrutiny of genotype frequency or mild effect of these polymorphisms. Despite these irrelevant results, we expect that our work will help to elucidate the genetic variations involved in the pathogenesis of TB. Sample size in the present study was still limited, especially for some stratifications, therefore, some polymorphisms with mildly significant effects might not be detected. On the other hand, our study lacks some demographic information on the Chinese Tibetan cohort, and our results should be validated in larger population-based studies with more detailed information.
In conclusion, this study investigated the pathogenesis of TB from the perspective of pathway-based polymorphisms. Five SNPs in the WNT pathway (SFRP1 rs4736958 and rs7832767; CTNNB1 rs9859392, rs9870255 and rs3864004) were associated with TB susceptibility. Two SNPs in SFRP1 were correlated with serum CRP levels, and three CTNNB1 polymorphisms had a striking effect on CTNNB1 promoter transcriptional activity and modulated CTNNB1 mRNA and protein expression. Our findings suggest that genetic variations within the WNT pathway may play a significant role in TB risk and host inflammatory status.
Methods
Study population and samples. Discovery set: a total of 1916 participants (832 active TB cases and 1084 gender-and age-matched controls) were enrolled in this study. Cases were newly diagnosed TB patients consecutively recruited from the West China Hospital of Sichuan University between November 2011 and October 2015. Eligible cases were clinically diagnosed by experienced specialists using microbiological or pathological evidence of TB (smear/culture/TB-DNA positive) to confirm MTB infection. Patients who were HIV-positive, had other lung or infectious diseases or had an immunosuppressive condition were excluded. Controls were recruited from healthy blood donors with a negative interferon gamma release assay (TB-IGRA) result, no history of TB and a normal physical examination. All subjects in this study were unrelated Han Chinese in West China. Candidate loci selection and genotyping. Key genes in the WNT signaling pathway were selected based on their biological functions as core components of this pathway, including CTNNB1, WIF1, DKK1, SFRP1, WNT1, WNT3A and WNT5A [9] [10] [11] [12] [13] [14] [15] . We selected candidate SNPs for this study through a thorough search of the International HapMap project, dbSNP database, 1000 Genomes database. SNPs were included if they were located in potential functional regions (exon, promoter and untranslated region) and could well represent those with minor allele frequency (MAF) > 0.05 in a Chinese Han Beijing population. Finally, a total of 25 SNPs were selected for subsequent genotyping (Table S1 ).
Genomic DNA was extracted from 2-to 3-ml peripheral blood using a QIAamp ® DNA blood Mini kit (Qiagen, Hilden, Germany). SNPs were genotyped using the MassARRAY platform (Sequenom, CA, USA) with primers and probes (Table S2) as described by Buetow et al. 29 , and SNP genotyping in validation cohort was performed by Shanghai Genesky Bio-Tech Genetic Core Lab (Shanghai, China) using multiplex ligation detection reaction as described by Thomas et al. 30 (Primers and probes information presented in Tables S3 and S4 ). The laboratory staff was blinded to the case-control status of the samples. We included water (HPLC grade) as the negative control in each of the 96-well or 384-well plates. Fifty random samples were genotyped in duplicate with a concordance rate of 100%. SNPs with a clear genotype clustering and a call rate > 95% were considered for further analysis.
Measurement of mRNA expression. We collected an additional 3 ml of peripheral blood from 85 participants and isolated peripheral blood mononuclear cells (PBMC) from 79 of them for mRNA measurement. Total RNA was isolated using TRIzol reagent (Invitrogen, CA, USA) and then converted to complementary DNA (cDNA) using Omniscript ® Reverse Transcription Kit (Qiagen, CA, USA). The final 10-μ l-volume reaction for RT-qPCR included 5 μ l of SYBR ® Premix Ex Taq ™ II (Takara, Dalian, China), 0.8 μ l of 10 μ M forward and reverse primer (Table S5) Luciferase report assay. Since SNP rs9859392, rs3864004, rs9870255 were suggested to be the most effective variant within or near the promoter of CTNNB1, we further tested their effects on the promoter activity of the gene using a Dual-Luciferase Reporter Assay System (Promega, WI, USA). Briefly, PCR fragments containing either wide or mutant allele of these SNPs were amplified using the following primers (the sequence in bold is a KpnI or XhoI restriction site): rs9870255: Sense: 5′-GGGGTACCCAGTGCTAGGGTGGTGAGTG-3′, Antisense: 5′-CCGCTCGAGAATCCCATCATGCAGGGTCC-3′; rs9859392: Sense: 5′-GGGGTACCATGGACAAT CCCTTGAAGCAAC-3′, Antisense: 5′-CCGCTCGAGTCCTTGATAAAAATGAGGAAAGTGG-3′; r s 3 8 6 4 0 0 4 : S e n s e : 5 ′ -C G G G G TAC C G C T C T G G AG C TA AT C C AT T T C C A-3 ′ , A nt i s e n s e : 5′-CCGCTCGAGCTTATAAGTCGCGCAGAAGCC-3′ . The cycling program consisted of 98 °C for 2 min, followed by 35 cycles of 98 °C for 10 s, 55 °C for 15 s and 72 °C for 60 s. PCR products were then cloned into the pGL3-Basic vector or pGL3-Promoter vector. All reporter constructs were verified by direct sequencing. For luciferase assays, 293T cells were plated in a 24-well plate and allowed to grow for 1 day prior to transfection (60-70% confluence). 293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco, USA) containing 10% heat-inactivated fetal bovine serum (Biowest, France). Transfection was performed using Lipofectamine 2000 Reagent (Invitrogen), with 0.2 μ g of a given pGL-3 construct and 20 ng of renilla vector (pRLTK, as internal control) per well were co-transfected. After 48 h, cells were lysed in 16× Passive Lysis Buffer, and 30 μ l of lysate was used to detect firefly luciferase (LAR II) and renilla luciferase (stop and glow buffer) activity. Fluorescence intensity was measured using BioTek Synergy 4 multi-mode microplate reader (BioTek Instruments Inc., USA). The relative luciferase activity was normalized to the cotransfected control Renilla luciferase. Each construct was transfected in triplicates and assayed in duplicate.
Western blot. PBMC from TB patients and healthy controls were freshly isolated using Human Lymphocyte Separation Tube Kit (Dakewe Biotech company limited, Shenzhen, China), and then proteins were extracted proteins were extracted in RIPA buffer and quantified by the BCA protein assay kit (Bio-Rad). The resulted proteins were subjected to 10% SDS-PAGE and transferred to PVDF membranes (Millipore). The membrane was blocked with 5% bovine serum albumin (BSA)-PBS and was incubated with rabbit anti-β -catenin and p-β -catenin (diluted 1:1000, Cell Signaling Technology, MA, USA) at 4 °C overnight, respectively. The blots were incubated with secondary antibody (diluted 1:2000; Zhongshan Biological) conjugated to horseradish peroxidase for 2 h. β -Actin was used as an internal control. Blots were visualized by enhanced chemiluminescence reagents (Amersham Biosciences, Shanghai, China) and analyzed with Image J Software (NIH, MD, USA).
Statistical analysis.
Univariate analysis was used to analyze categorical variables with a Chi-square test and continuous variables with the Mann-Whitney U test. Hardy-Weinberg equilibrium (HWE) among the controls was evaluated using Fisher's exact test. SNPs with monomorphism and significant HWE deviation were excluded from analysis. Associations between SNPs and TB risk were evaluated on the basis of allele frequency distributions and genetic models (additive, dominant and recessive model). Wild or major allele of each SNP was set as the reference, and odds ratio (OR) and 95% confidence interval (CI) were derived from unconditional logistic regression models, adjusting for age, gender and BMI. Linkage disequilibrium was assessed using Haploview v4.2 31 . Haplotype frequencies and associations were calculated based on the expectation-maximization clustering algorithm using this software. The one-dimensional interactions between two associated SNPs were evaluated by logistic regression for multiplication interactions using the method suggested by Andersson et al.
32
. High-dimensional interactions among multiple SNPs were assessed using general multifactor dimensionality reduction (GMDR) software 33 . Analyses were performed using SPSS v19.0, PLINK v1.07, Haploview v4.2 and GMDR. All tests were two-sided, and nominal statistical significance was established at an alpha level of 0.05 unless stated otherwise.
